The aim of this study was to investigate the contribution of upper extremity, trunk, and lower extremity movements in overarm throwing in team handball. In total, 11 joint movements during the throw were analyzed. The analy sis consists of maximal angles, angles at ball release, and maximal angular velocities of the joint movements and their timing during the throw. Only the elbow angle (extension move ment range) and the level of internal rotation velocity of the shoulder at ball release showed a significant relationship with the throwing performance. Also, a significant correlation was found for the timing of the maximal pelvis angle with ball velocity, indicating that better throwers started to rotate their pelvis forward earlier during the throw. No other significant correlations were found, indicating that the role of the trunk and lower limb are of minor importance for team handball players.
The overarm throw is an example of a complex, fast, and discrete movement with a clear beginning and end; it can be divided into six phases: windup, stride, arm cocking, arm acceleration, arm decelera tion, and followthrough (Werner et al., 1993) . Some characteristic points, which identify the phases, are lead foot contact, maximal external rotation of the shoulder, maximal internal rotation, and ball release. Although details of the phases depend on the sports discipline (i.e., no stride phase in water polo ; Feltner & Taylor, 1997) , the general kinematics of overarm throwing are comparable across disciplines (base ball, water polo, and javelin).
Whereas quite detailed information on base ball pitching is available (e.g., Werner et al., 1993; Feltner & Dapena, 1986 , Fleisig & Barrentine, 1995 Escamilla et al., 1998; Fleisig et al., 1999; Matsuo et al., 2001; Stodden et al., 2005) , knowledge for other disciplines, especially team handball, is fragmented and scarce (water polo: Davis & Blanksby, 1977; Elliott & Armour, 1988; Feltner & Taylor, 1997; and javelin: Whiting, 1991; Mero et al., 1994; Komi & Mero, 1985; Bartlett et al., 1996) . This means that it is not well known what aspects of the throwing technique determine performance (ball speed). In team handball, some studies reported the linear velocity of the segments (Tuma & Zahalka, 1997; Jöris et al., 1985; Van den Tillaar & Ettema, 2003; Fradet et al., 2004) and/or angular velocities of the various joints during the throwing movement in team handball (Chagneau et al., 1992; Van den Tillaar & Ettema, 2004; Fradet et al., 2004) . Fradet et al. (2004) reported only the angular velocity of the torso and the maximal external rotation of the shoulder, whereas Van den Tillaar and Ettema (2004) reported only the maximal angular velocities of the elbow extension, wrist flexion, and the internal rotation of the shoulder joint during the acceleration phase of the throw. They used a model that predicted that 73% of the contribution to the ball velocity was explained by the maximal internal rotation velocity of the shoulder and the maximal elbow extension velocity during the throw. However, they did not consider trunk and lower extremity contributions in their measurements or model. Thus, this study aimed to investigate the contribution of upper extremity, trunk, and lower extremity movements in overarm throwing in team handball. Especially, the trunk movement may play a role through transfer of angu lar momentum and countermovement, which should be indicated by any relationship between throwing speed and trunk movement parameters. However, based on the previous findings, it was hypothesized that elbow extension and internal rotation velocity of the shoulder are the key factors for fast throw ing, whereas other parameters, including trunk and lower extremity movements, contribute marginally and thus will not show a relationship with throwing velocity.
Methods
Eleven subjects participated in this study. The subjects were experienced male handball players, playing in the top and first division of the Norwegian national competition (mean age: 22.9 ± 3.5 years, mass: 85.8 ± 11.75 kg, height: 1.84 ± 0.05 m, train ing experience: 13 ± 3.3 years). The study complied with the requirements of the local Committee for Medical Research Ethics and current Norwegian law and regulations.
Procedure
After a general warmup of 15 min, throwing perfor mance was tested in a penalty throw situation, that is, an overarm throw toward a target at a distance of 7 m. The subjects performed a standing throw, which means keeping the front foot on the floor during the entire throw. The instruction was to throw as fast as possible with a regular ball (0.46 kg) and to try to hit the target from 7 m away, aiming at a 0.5 × 0.5m square target at a height of 1.65 m, located in the middle of a handball goal (2 × 3 m) ( Van den Tillaar, 2003; Van den Tillaar & Ettema, 2004) . This had to be done until three hits were recorded. The subjects were not informed about their total number of throws that they had to throw. To study the contribution of the various kinematic variables on throwing performance, these variables were cor related with the throwing velocity.
Measurements
The velocity of the different segments and joints was measured using a 3D motion capture system (Qualysis, Sävedalen, Sweden; six cameras, 240 Hz) that tracked the position of the reflective markers (2.6 cm diameter) on the following anatomical land marks:
1. ankle: malleolus of the front leg 2. knee: lateral epicondyle of the front leg 3. hip: trochanter major on both sides 4. shoulder: lateral tip of the acromion on the both sides 5. elbow: lateral epicondyle of the throwing arm 6. wrist: radial styloid process and ulnar styloid process of the throwing arm 7. hand: os metacarpal III 8. finger: distal interphalangeal (DIP) III 9. ball: on top of the ball Computation of velocity of the joints and the ball was calculated using a fivepoint differential filter. The velocity at ball release and the moment of release were derived from the change in distance between the wrist and the ball. At the moment the ball leaves the hand, the distance between the wrist marker and the ball marker increases abruptly and dramatically.
The total movement time of the throw was defined from the first forward and downward move ment of the knee (flexing) and ball release. Also the other typical characteristic points, which identify the phases such as maximal external and internal rotations of the shoulder, were identified.
The angles and angular movement velocities of the joints were derived from relative positions between the various markers according to the same methods used by Feltner and Dapena (1989) , Fradet et al. (2004) , and Stodden et al. (2005) . The internal/external rotation of the shoulder and the elbow extension were derived from the shoulder, elbow, and wrist markers. The orthogonal coordinate system was first translated to center the system in the shoulder (origin); subsequently, it was rotated to align the shoulderelbow line with the xaxis; the shoulder rotation angle was calculated as the angle between the shoulderelbowwrist plane and the horizontal plane.
Apart from performance (ball velocity at ball release), the following kinematic variables were analyzed: maximal angle and angular velocity of wrist flexion, elbow extension, external/internal rotation of the shoulder, shoulder horizontal adduc tion (also called shoulder flexion), shoulder abduc tion, trunk tilt, trunk tilt sideways, uppertorso rota tion, horizontal pelvis rotation, and knee extension together with the angles of these joints at ball release (Figure 1) . Furthermore, timing of maximal angles and velocities of the segments and joints were cal culated. Timing was measured as time before ball release. Finger flexion was not analyzed because of technical difficulties in obtaining good recordings of all necessary markers during the throw.
Statistical Analysis
Pearson correlation was used to locate inter individual relationships between maximal ball velocity and the maximal velocity of the joint move ments, maximal joint angles, joint angles at ball release, and the timing of these variables. A t test was performed for some variables between a group, which showed a maximal internal rotation velocity of the shoulder after ball release and another group, which showed a maximal internal rotation velocity before ball release.
Results
The start of the throwing movement was defined as the onset of the knee flexion because this event was easily detectable and always occurred early in pre paring for the goaldirected movement. During the early phase, the subjects moved the upper extremity and ball backward, while the hip started to move for ward and rotate, also called the arm-cocking phase. This phase ended when the ball starts to move for ward. This was around 0.155 s (SD = 0.024) before the ball release. The armcocking phase varied much from subject to subject (0.34 s to 1.04 s). The arm acceleration phase was from 0.155 until 0.042 s before ball release, which was followed by the arm deceleration phase until ball release (Figure 2) . The maximal internal rotation velocity was reached on average at 0.021 s after ball release.
A significant correlation was found between the maximal ball velocity and the velocity of the internal rotation of the shoulder at the time of ball release (r = 0.67; p = 0.024; Figure 3 ). Some subjects reached the maximal internal rotation velocity of the shoulder after ball release (n = 7) and the others at or just before ball release (n = 4). When dividing the subjects into two groups according to this distinc tion, a significant difference between the groups in maximal ball velocity was shown (p = 0.003). Also a significant difference for the elbow angle at ball release between the groups (35° vs. 52°) was found (p = 0.011). This is in agreement with the signifi cant negative correlation between the ball velocity and elbow angle at ball release when all subjects were included (Figure 4 ; r = −.64; p = .035). When calculating the total elbow angle displacement for each subject, an indication for the total ball trajec tory, also a significant positive correlation with the maximal ball velocity was found (r = 0.61; p = 0.048). No other significant correlations between the maximal ball velocity and any other kinematic parameter were found (Tables 1, 2, and 3).
Temporal parameters showed no relationship with maximal velocity and no differences between the groups except for the timing of the maximal angle of the pelvis rotation. The timing of the maxi mal angle of the pelvis rotation showed a negative relationship with maximal ball velocity (r = −.84, p = .001). That is, the pelvis rotation occurred earlier at faster throws than slower ( Figure 5 ).
Discussion
The maximal velocity at ball release in this study was in agreement with Van den Tillaar and Ettema (2004) and Fradet et al. (2004) . The ball velocity was also comparable with the release velocity in football passing (Rash & Shapiro, 1995; Fleisig et al., 1996) . passing and their timing were of the same amount and comparable with the findings described in the current study.
Only two kinematic parameters-elbow angle and maximal velocity of internal rotation of the shoulder at ball release-showed a significant rela tionship with throwing performance (Figures 3 and  4) . The differences in internal rotation at ball release of the shoulder were probably caused by the fact that the subjects with the higher internal rotation veloc ity reached their maximal velocity at ball release or just before whereas the other subjects reached it after ball release. This finding is in line with Matsuo et al. (2001) and Stodden et al. (2005) . Stodden et al. (2005) found that as the ball velocity increased, maximal internal rotation velocity was reached earlier after the instant of ball release in individual baseball pitchers. Matsuo et al. (2001) showed the same comparison with slower pitchers.
The finding that the internal rotation of the shoulder correlates with throwing velocity is also in agreement with Van den Tillaar and Ettema (2004). They found that the internal rotation of the shoulder together with the extension of the elbow were two main contributors to the total ball veloc ity (73%). The other 27% is not explained by any combination of a small number of the other joint movements analyzed (as indicated by the lack of correlations).
In the current study, a significant relationship with the elbow angle and ball velocity was found: Subjects who throw fast have a smaller angle of the elbow at ball release ( Figure 4 ) and thus can accelerate the ball over a longer trajectory than those subjects who do not throw as fast. This was also shown by a significant positive correlation between the maximal ball velocity and the total angle displacement of the elbow (r = 0.61; p = 0.048). Matsuo et al. (2001) reported also longer distances traveled by the ball in the group of faster pitchers. However, this was caused by the signifi cantly larger external rotation in the acceleration phase of the arm than the group with lower ball velocities. Only a significant correlation was found for the timing of the maximal pelvis angle with ball velocity (Table 2; Figure 5 ), which indicates that better throwers started to rotate their pelvis forward earlier during the throw. This resulted in a significant increased timing between the start of the forward rotation of the pelvis and torso rotation (r = −83; p = .0015) and timing of the maximal rotation velocity of the pelvis (r = −.78; p = .0078). The increased time before ball release of the pelvis could result in an increase in maximal pelvis rotation or torso rotation velocity. This may mean that the abdominal muscles are stretched earlier and more extensively during the movement and can build up more tension early in the movement (i.e., an enhanced countermovement between trunk and upper extremity occurs). Even though no increase in pelvis (r = .16; p = .64) or torso velocity (r = −.31; p = .35) was observed, its timing pattern may contribute positively to the ball velocity by means of a more effective energy flow (Jöris et al., 1985) . No other significant correlations were found, indicating that the role of the trunk and lower limb are of minor importance for team handball players, as was hypothesized.
It can be concluded that maximal internal rotation velocity, the time of occurrence of this parameter, and elbow extension movement range at ball release are of major importance for a high performance in overarm throwing in handball.
